sepidermal water loss, it is considered that the accumulation of CPs in the SC involves the loss of skin moisture functions. However, the roles of CPs in the dermis on skin physiology are still unclear. The purpose of this study was to investigate the roles of CPs in the dermis during the progression of photoaged skin and to propose a method to prevent or reduce the synthesis of CPs. The exposure of human normal dermal fibroblasts to CPs increased intracellular ROS levels and the synthesis of intracellular CPs. In addition, CPs caused morphological changes of fibroblasts. Furthermore, CPs caused alterations of mRNA expression levels of dermal matrix-related proteins, such as upregulating MMP-1 and IL-8. These results indicated that CPs disrupt construction of the dermal matrix. On the other hand, α-tocopherol and β-carotene suppressed the synthesis of RAC during lipid peroxidation which resulted in the reduction of UVA-induced CPs in the SC. From these results, we propose that extracellular CPs increase intracellular ROS levels and contribute to alterations of the dermal matrix.
To prevent the synthesis of CPs, the application of α-tocopherol or β-carotene could be effective.
K E Y W O R D S
carbonylated proteins, corneocytes, fibroblasts, IL-8, MMP-1 surface or inside of the skin and result in the formation of carbonylated proteins (CPs). [4] CPs are found in corneocytes at the surface of sun-exposed skin at an high frequency. [5] In addition, it has been reported that CPs exposed to blue light generate •O 2 -from molecular oxygen by one electron transfer through a type I photosensitizing reaction. [6] These facts suggest that CPs in the skin establish a loop of new CP resynthesis through the lipid peroxidation of sebum and
•O 2 -generated by the photosensitizing reaction. In fact, a histological study of sun-exposed skin showed an accumulation of CPs in the skin, including the epidermis and the dermis. [5] On the other hand, CPs are also detected in the stratum corneum (SC) collected from the skin in the winter season in spite of the weak radiation energy of sunlight at that time. [7] In a previous study, we reported that CPs are also present in the whole epidermis of reconstructed human epidermal equivalents exposed to a low humidity environment. [8] These facts indicated that the skin is exposed to the risk of oxidative stress and accumulate CPs not only caused by UV but also by low humidity. Since CPs in the SC have been reported to correlate with skin water content and transepidermal water loss, it is considered that the accumulation of CPs in the SC involves the loss of skin moisture functions. [9] However, the impact of CP accumulation on skin physiology has been unclear.
The purpose of this study was to identify the influence of CPs on skin physiology focusing on skin moisture and on reconstruction of the dermal matrix, and furthermore, to propose candidate agents that can block or reduce CP synthesis. 
| ME THODS

| Preparation of CP-BSA
| Determination of aldehyde content-the NBD-H method
The principal of aldehyde determination was based on the fluorescence generated by NBD-H (4-hydrazino-7-nitrobenzofurazan hydrazine) by reaction with RACs. Briefly, 250 μmol/L NBD-H was incubated with RACs in 0.05% trifluoroacetic acid for 30 minutes at 37°C. The fluorescence intensity (F.I.) of the solution (Ex: 470 nm, Em: 550 nm) was then measured.
| Cell culture
Normal human dermal fibroblasts (NHDFs) (Kurabo, Osaka, Japan)
were cultured in Dulbecco's modified Eagle's medium (DMEM;
Nissui, Tokyo, Japan) supplemented with 5% foetal bovine serum 
| Determination of intracellular ROS
Normal human dermal fibroblasts were treated with 20 μmol/L 
| Detection of morphology and intracellular CPs in NHDFs
After 
| Reverse transcription-PCR and quantitative real-time PCR (qRT-PCR) analysis
Total RNAs were extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Reverse transcription was performed using a 
| Evaluation of blockers on CP synthesis
Blocking effects were evaluated by RACs scavenging and by the suppression of RACs production during the lipid peroxidation of oleic acid. The suppression of RACs production during the lipid peroxidation of oleic acid was examined to quantify
RACs yielded during oleic acid peroxidation by a photosensitizing reaction with UVA-exposed riboflavin which is a source of ROS. [10] Briefly, 25 mmol/L oleic acid, 0.025 mmol/L riboflavin, 1 mmol/L 
| Suppression of candidates as blockers of CP synthesis in human corneocytes
Corneocytes collected with an adhesive CELLOTAPE (Nichiban, Tokyo, Japan) were transferred to glass slides with the following method; each corneocyte-stripped tape was pressed on a glass slide and immersed in a xylene bath overnight to remove the cellulose film. Each glass slide was dipped twice for 1 hour each in a xylene bath to remove excess adhesion glue. After drying, the glass slides were used for the examination. Twenty μL EtOH containing 150 μmol/L β-carotene and 5% oleic acid was topically applied on the corneocytes. After drying, the corneocytes were visualize the level of CPs. [8] Fluorescence images captured with a Floid cell imaging station were analysed using specialized corneocytometry software (CIEL Co., Ltd, Tokyo, Japan). The CP level is expressed as the average F.I. of the SC area.
| Statistics
All data are expressed as means ± SD. Comparisons between two groups were performed by Student's t test. A P-value of <0.05 is considered statistically significant.
| RE SULTS
| Intracellular ROS in NHDFs treated with CP-BSA
The influence of CP-BSA on intracellular ROS levels was examined under conditions in which the protein concentration in the medium was adjusted to 250 μg/mL with BSA, to determine whether differences in protein concentration influence intracellular ROS levels. NHDFs treated with CP-BSA at a concentration of 125 μg/mL or 250 μg/mL for 2 hours showed significant elevations of intracellular ROS compared with NHDFs treated with BSA ( Figure 1 ).
| Morphological changes and intracellular CPs in NHDFs treated with CP-BSA
Since CP-BSA increased intracellular ROS levels at concentrations of 125 μg/mL to 250 μg/mL, the effects of CP-BSA on the morphology and intracellular ROS levels were examined using CP-BSA or BSA at a concentration of 200 μg/mL. Normal human dermal fibroblasts re-inoculated after 2 hours of treatment with CP-BSA showed a flattened and spread morphological appearance compared with NHDFs treated with BSA (Figure 2A,B) . Intracellular CPs of NHDFs gave faint increases by CP-BSA ( Figure 2C,D) .
| mRNA expression levels of dermal matrixrelated genes in NHDFs treated with CP-BSA
In order to investigate the effects of extracellular CP-BSA on the reconstruction of the dermal matrix, we examined the expression levels of mRNAs encoding elastic fibre-related proteins and collagen-related proteins. NHDFs re-inoculated after 2 hours of treatment with CP-BSA or BSA were further cultured for 24 hous.
Total RNAs were extracted from the cells and mRNA expression levels were characterized by the real-time PCR method. Regarding elastic fibre-related genes, changes of mRNA expression patterns were found as follows: downregulation of fibrillin-1 (FBN-1) , and upregulation of tropoelastin, microfibril-associated protein 4 (MFAP4), elastin microfibril interfacer 1 (EMILN1) and IL-8 ( Figure 3A ). On the other hand, mRNA expression levels of collagen-related genes were as follows: upregulation of MMP-1 and downregulation of TIMP-1 and Endo180 ( Figure 3B ).
| Blockers of CP synthesis
Carbonylated proteins synthesis is initiated by reactions between
RACs and amino residues in proteins. The evaluation of potential blockers was performed focusing on the suppression of RAC production during lipid peroxidation and scavenging of RACs. The results are summarized in Table 1 . Antioxidants, which are a type of proton donor, such as ascorbic acid and α-tocopherol, showed significant inhibitory effects on RAC production initiated by UVAexposed oleic acid. Lysine and arginine, which have free amino groups, showed a suppression of RAC production; however, they required higher concentrations. Regarding the suppression of RAC production, a hydrophobic antioxidant, α-tocopherol, was superior to a hydrophilic antioxidant, ascorbic acid.
| Suppressive effects of β-carotene on CP synthesis in corneocytes
In the chemical examination, β-carotene had a higher scavenging ability against acrolein. To confirm that effect, we conducted an examination using CP synthesis in corneocytes collected with the tape-stripping method as the parameter. Quantification of the F.I.s in corneocytes using image analysis is also shown in Figure 4A . Representative images of this examination are shown in Figure 4B -E. Corneocytes topically applied with β-carotene showed a lower fluorescence compared with non-treated corneocytes. Treatment with β-carotene significantly reduced CP synthesis in corneocytes induced by UVA exposure.
| D ISCUSS I ON
It has been reported that oxidized proteins are present in the skin, and they are classified into two categories. One category is glycated proteins, which are synthesized by reactions between reducing sugars such as glucose or fructose and amino residues in proteins.
Glycated proteins are called advanced glycation end-products. The other category is CPs, whose synthesis is initiated by RACs produced during lipid peroxidation. It has been reported that both types of oxidized proteins are characterized by a yellow dark colour and contribute to the skin colour shift to dark-yellow that occurs during ageing. [5, 11] In addition, CPs in corneocytes collected from dry skin in the winter season occur at a higher frequency. [7] Furthermore, a dry skin model produced experimentally with reconstructed human epidermal equivalents exposed to low humidity, have increased levels of CPs in the epidermis and excessively secrete IL-8 and MMP-9
into the culture medium. [8] The sum of these results demonstrated F I G U R E 4 Suppression of β-carotene on CP synthesis in corneocytes. β-Carotene and oleic acid in EtOH were topically applied on tape-stripped corneocytes on glass slides. After drying, the corneocytes were exposed to UVA at 10 J/cm 2 . After 48-hours incubation at 37°C to propagate lipid peroxidation, (A) CPs were determined with image analysis using fluorescence images labelled with FTSC and (B-E): representative images of CP levels in corneocytes. Scale bars are shown as 100 μm. Significance: **P < 0.01 shape to a flattened/spread shape. In general, the morphology of fibroblasts is maintained by actin filaments and/or integrins. [14, 15] Thus, we conclude that CPs might influence those characteristics.
The mRNA expression levels of dermal matrix-related genes in CP-treated NHDFs gave similar behaviours in aged skin. Elastic fibres are divided into three types, including oxytalan fibres, elaunin fibres and elastin fibres, depending on the quantities of tropoelastin absorbed on microfibrils. In photoaged/aged skin, the loss of elasticity is explained as the disappearance of oxytalan fibres, which show a candlestick-like structure in the papillary dermis anchored to the basement membrane. [16] Thus, we focused on microfibril-related genes in the case of elastic fibres. Microfibrils, which are scaffold fibres of elastic fibres, are constructed by assembling fibrillin-1 with MFAP4 and EMILIN1. [17, 18] The mRNA expression level of fibrillin-1 was downregulated, while the expression levels of mRNAs encoding proteins related to microfibril assembly, such as tropoelastin, MFAP4 and EMILIN1, were upregulated. The downregulation of fibrillin-1 mRNA results in the loss of microfibrils. In a histological study, fibrillin-1 had disappeared in aged dermis. [16] In addition, IL-8/CXCL8, which is a chemokine that recruits neutrophils, showed extensive upregulation in CP-treated NHDFs. Neutrophil elastase decomposes not only elastic fibres but also collagen. [19] Regarding collagen, extensive upregulation of MMP-1 mRNA and downregulation of TIMP1 and Endo180 mRNAs were shown in CP-treated NHDFs. In aged skin, the increase of MMP-1 in photoaged/aged skin has been documented.
Furthermore, Endo180, which is a collagen receptor for decomposing collagen through internalization of its fragments, [20] was also downregulated in CP-treated NHDFs. Unfortunately, CCN1/ Cyr61, which is a feedback protein of collagen synthesis, [21] did not respond to treatment with CPs. The accumulation of collagen fragments in the dermis and the decrease of Endo180 in the sunexposed skin of aged subjects has been reported. [22] Gathering these facts, extracellular CPs alter mRNA expression levels of dermal matrix-related genes and affect the balance of reconstruction of the dermal matrix by enhancing the decomposition of elastic fibres and collagen. Since these alterations are similar to events observed in photoaged/aged skin, we propose that extracellular
CPs play a role in accelerating skin ageing.
Finally, we examined the abilities of some chemicals, antioxidants and carotenoids, to block CP synthesis in order to develop an approach to treat skin ageing. Among the antioxidants tested, α-tocopherol apparently reduced the production of RACs through the inhibition of lipid peroxidation. On the other hand, β-carotene and astaxanthin gave higher scavenging abilities although two antioxidants, AsA and α-tocopherol, did not show any scavenging activity.
To confirm the ability to suppress CP synthesis initiated by lipid peroxidation, we examined the effect of β-carotene using CPs in corneocytes as the parameter. β-Carotene suppressed the synthesis of CPs in corneocytes induced by oleic acid exposed to UVA. These results suggest that carotenoids such as β-carotene have the potential to suppress CP synthesis through the scavenging of RACs.
In this study, we demonstrated the possibility that CPs contribute to accelerate the skin ageing process. To prevent CP synthesis in the skin, the application of a lipophilic antioxidant such as α-tocopherol and β-carotene is recommended.
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